Centrifuge modeling studies of site response in soft clay over wide strain range Abstract: Centrifuge models of soft clay deposits were shaken with suites of earthquake ground motions to study site response over a wide strain range. The models were constructed in an innovative hinged-plate container to effectively reproduce one dimensional ground response boundary conditions. Dense sensor arrays facilitate back-calculation of modulus reduction and damping values that show modest misfits from empirical models. Low amplitude base motions produced nearly elastic response in which ground motions were amplified through the soil column and the fundamental site period was approximately 1.0s. High intensity base motions produced shear strains higher than 10%, mobilizing shear failure in clay at stresses larger than the undrained monotonic shear strength. We attribute these high mobilized stresses to rate effects, which should be considered in strength parameter selection for nonlinear analysis. This nonlinear response de-amplified short period spectral accelerations and lengthened the site period to 3.0s. The nonlinearity in spectral amplification is parameterized in a form used for site terms in ground motion prediction equations to provide empirical constraint unavailable from ground motion databases.
INTRODUCTION
The influence of soil conditions on earthquake ground motions is typically evaluated in practice either through the use of simplified site amplification functions or site-specific one-dimensional (1-D) ground response analysis. Site amplification functions are typically empirically derived from ground motion data (e.g., Borcherdt, 1994) , but the available data cannot fully constrain highly nonlinear site response. The nonlinear component of site amplification functions is therefore often constrained by ground response analyses for regional site profiles (e.g., Walling et al., 2008) . Because site amplification functions utilize relatively generic descriptions of site condition (e.g., time-averaged shear wave velocity in the upper 30 m, V s30 ), their estimates of site amplification can be more approximate than those from ground response analysis, which use more site-specific information (e.g., Baturay and Stewart, 2003) .
While both site amplification functions and site-specific analyses draw upon ground response modeling, there is considerable ambiguity on how those simulations should be performed for conditions producing large-strain site response. The two principal options for ground response analysis are equivalent linear methods, in which the soil is modeled as viscoelastic with shear modulus and damping selected to be compatible with the level of mobilized shear strain, or nonlinear methods, in which plasticity models are utilized to simulate the soil's constitutive behavior. The equivalent linear method has historically been more popular than nonlinear analysis in practice (Kramer and Paulsen 2004) , although there is a general consensus that nonlinear analysis is preferred for high intensity motions that mobilize large-strain response in the soil (i.e., for shear strains approaching 1% or more), and nonlinear methods are now more commonly used in practice. A number of hurdles related to parameter selection and other matters have tempered the use of nonlinear methods, although many of those issues have been addressed in recent work (e.g., Kwok et al., 2007; Stewart and Kwok, 2008; Phillips and Hashash, 2009; and Hashash et al., 2010) .
The work described in this manuscript was undertaken to fill the gap in available data for 1-D soil response at very large strains approaching shear failure for the purpose of ultimately validating nonlinear ground response analysis methods, and for validating the nonlinear component of relatively simplified amplification functions. This problem is of considerable practical importance because design-level ground motions in seismically active regions are strong, and in soft soils will induce large strain response of the type investigated here.
Moreover, large-strain response is the condition where nonlinear analysis is thought to be most useful, yet for which the available data for validation is most sparse (e.g., Yee et al., 2013) .
We describe a ground response data set from centrifuge experiments in which smalland large-strain responses are recorded. We sought boundary conditions compatible with 1-D vertical shear wave propagation, which was not achieved in previous large centrifuge site response models (e.g., Wilson et al. 1997) , though it was achieved using small centrifuge models with relatively sparse sensor arrays (e.g., Fiegel 1995) . In this study, two centrifuge models were constructed and tested on the 9m radius geotechnical centrifuge at the NEES@UCDavis experimental facility. The models were composed of soft young bay mud, which is naturally occurring clay whose dynamic properties are well characterized in the literature. We describe the centrifuge models (soil properties, container), the ground motions applied in the testing, and the principal test results (stress-strain curves, modulus reduction and damping, and site amplification). Due to length restrictions, we defer nonlinear ground response analysis of the experiment to a later publication.
CENTRIFUGE MODELS

Specimen Configuration and Construction
As shown in Fig. 1 , two centrifuge models called AHA01 and AHA02 were constructed in a hinged plate container from layers of soft San Francisco bay mud. The profiles consisted of a layer of sand over lightly overconsolidated (OCR = 1 to 1.2) bay mud atop overconsolidated bay mud (OCR = 2 to 4). This profile is consistent with natural geologic conditions in many parts of the San Francisco bay area (e.g., Merritt Sand over young bay mud in many parts of Oakland).
San Francisco bay mud was selected for this study because it is naturally occurring clay from a seismically active region, its dynamic properties have been previously studied, and ground motion recordings are available for multiple sites that are underlain by bay mud from which prior work has evaluated site amplification that can be compared to the results of this study.
The high plasticity of bay mud renders low permeability and slow consolidation times, so thin layers of dense Monterey sand were placed between the clay layers to act as drainage boundaries to facilitate specimen construction. These thin sand layers likely introduced a small amount of phase shift as the waves propagated vertically through the soil profile, but are not anticipated to significantly alter site response considering that they are stiff, strong, and thin relative to the clay layers, and also thin relative to the wavelengths of the vertically propagating shear waves (e.g., Santamarina et al. 2001) . Models were constructed by mixing the bay mud as slurry at a water content of 1.4 times its liquid limit, pouring enough slurry into the model container to obtain the proper lift thickness after consolidation, placing pore pressure transducers (PPTs) in the center of the slurry, and consolidating with a hydraulic press. Consolidation from slurry was performed before the model container was placed on the centrifuge arm. Additional details on specimen construction and instrumentation are presented by Harounian et al. (2010) and Afacan et al. (2011) . PPTs were used to monitor excess pore pressure and consolidation was deemed complete when the degree of consolidation at the center of the clay lift had reached at least 95%. Accelerometers and bender elements were installed within completed lifts by cutting small holes in the clay, placing the instruments, and hand-backfilling around the instruments with cuttings. Linear potentiometers measured settlement and lateral displacement. A total of 106 accelerometers, 34 pore pressure transducers (PPTs), and 22 linear potentiometers were Table 1 shows the principal index properties of the bay mud and sand materials used in specimen construction. The bay mud has a PI of 43 and USCS classification of MH. The sand material has no fines and a USCS classification of SP. In this section, we focus principally on the shear-wave velocity of both materials and the monotonic undrained shear strength of the clay materials. These are the most directly relevant soil properties for ground response analysis. Park(2011) We originally sought to develop a profile of shear wave velocity in the centrifuge specimen using bender element tests. One source and two receiver bender elements were placed in each clay layer following consolidation, and travel times were measured using crosscorrelation of the receiver signals. Receiver-to-receiver measurements cancel sources of peripheral phase lag such as trigger delay, rise time in the piezo crystals, and soil-bender interaction that are present in source-to-receiver measurements (e.g., Lee and Santamarina, 2005; Brandenberg et al. 2008) . Unfortunately, the insulator coating on many of the bender elements was inadequate, and electrical current leaked from the source element into the soil and the direct arrival of this current at the receiver obscured the reading of physical waves in the receiver signals. As a result of these difficulties, physically meaningful bender element measurements were recovered for only a single clay lift in AHA02 and for the upper sand layer.
Properties of Bay Mud Materials
Because the bender elements only provided a measurement of V s in one lift of clay rather than all of the lifts as originally intended, we utilized the available measurement to calibrate relations from the literature between the maximum (small strain) shear modulus, G max , confining pressure, and OCR. Yamada et al. (2008) provide the following general expression for the effective stress-dependence of G max in normally consolidated soil (the equation is slightly modified here to become dimensionless):
Where n=1.0 for clay,  mc ' is the mean effectives stress, and  is dependent on soil type. Based on a similar relation by Hardin and Drnevich (1972) , we expect G max to be proportional to OCR c (where c = 0.3 for clay with PI=40). We insert this term into Eq (1) and re-write the expression in terms of vertical effective consolidation stress  vc ', as follows:
where K 0 is the coefficient of lateral earth pressure at rest. The available bender element data is [Jaky (1944) and Schmidt (1966) ], we compute =202, which is consistent with prior experience for similar materials (Yamada et al., 2008) . Values of G max are then obtained for other layers using = 202 in Eq. (2), with the results shown in Fig. 2 We apply a similar approach for seismic velocities in sand. In this case, the overburden scaling coefficient is n=0.5 (Yamada et al., 2008) and the OCR scaling coefficient is c=0 (Hardin and Drnevich, 1972) (3), which is likely due to a decrease in effective stress due to more rapid consolidation of these stiff layers during spindown.
Model Container
The present test sequence was the first to utilize the NEES@UCDavis hinged-plate model container (HPC) illustrated in Fig. 3 . The HPC consists of five steel annular rings with end plates that are free to rotate (details can be found on the NEES@UCDavis website nees.ucdavis.edu).
Each ring rests atop ball bearings supported by rigid side walls, and the container exhibits essentially zero shear stiffness (an empty container can easily be deformed by hand). Accordingly, the model stiffness is controlled by the soil inside the container with essentially zero contribution from the container itself. For this reason, the container is better suited to site response studies than comparatively stiff shear beam container systems used in prior testing on the UC Davis large centrifuge. The principal limitation of the container relative to "ideal" boundary conditions for site response is that it has finite mass that will contribute to the 
GROUND MOTIONS
The base of the model container was shaken by a sequence of ground motions that included (i) scaled versions of earthquake recordings, (ii) small amplitude sine sweeps for the purpose of identifying the small-strain properties of the soil model, and (iii) small amplitude sine waves having approximately 20 cycles. We focus herein on the data produced by the scaled earthquake motions; results for other motions are given in data reports (Harounian et al. 2010a; Afacan et al. 2011) . The selected ground motions are listed in Table 2 , and response spectra are plotted in Fig. 4 . The digital ground motion records and the metadata were obtained from the PEER-NGA ground motion database (Chiou et al, 2008) , and subsequently conditioned for use on the centrifuge. The selected motions cover a range of site conditions likely to exist beneath soft clay deposits (V s30 = 198 to 705 m/s), and to cover a range of magnitudes that contribute significantly to seismic hazard in many seismically active crustal regions. Furthermore, the peaks in the response spectra range from approximately 0.3s to 2s, which straddles the site period. In some cases, multiple scaled versions of the same ground motion were imposed on the model to observe effects of amplitude for the same motion, while in other cases a large amplitude motion was only applied once to mobilize large shear strains in the model. Excess pore pressures mobilized in the clay layers during shaking were small, and sufficient time was permitted between each sequential shake to permit these small excess pore pressures to dissipate. The centrifuge shaking table is able to replicate key features of the earthquake motions, although some differences arise from imperfections in the feedback control loop, particularly at high frequencies. Therefore, the recorded base motions should always be used in lieu of the command motions when analyzing the model response. Some of the motions utilized herein were conditioned for use on the centrifuge prior to the present work by Mason et al. (2010) .
Furthermore, the motions on the base plate of the model container are different from the motions within the soil near the base of the model container. This is likely caused by slip between the latex membrane and container base. For this reason, we herein interpret the most deeply embedded ground motion recording as being representative of the base motion.
TEST DATA
All experimental data are uploaded to the NEEShub central data repository (Harounian et al. 2013a,b) , and details of the data processing methods utilized to convert the raw recorded data files into prototype engineering units are included in the data reports. In addition to recorded data, several derived quantities (e.g., 5% damped pseudo-acceleration response spectra) are archived in NEEShub. The data are presented in prototype units, and were converted using scale factors defined in the data reports (Harounian et al. 2010 , Afacan et al. 2011 . Acceleration time series were high-pass filtered in the frequency domain using an acausal Butterworth filter to remove low frequency noise; the selection of the corner frequency followed protocols described by Boore and Bommer (2005) , which is intended to apply the smallest possible amount of filtering while achieving realistic velocity and displacement.
An example of corrected acceleration histories from the dense instrument array in the center of model AHA02 for the LGPC090 motion with PHA b = 0.049g and 0.50g are presented in Fig. 6 . At the ground surface, the small amplitude base motion was amplified by 1.5 (PGA 0 = 0.072 g) whereas the large amplitude motion was de-amplified at high frequencies by 0.58
(PGA 0 = 0.29 g). A change in frequency content is also evident for the strong base motion due to nonlinear site response. Furthermore, significantly more ground motion amplification was observed in a rigid container compared with the hinged-plate container for high intensity input motions.
We examine the influence of container stiffness by comparing data from test CSP5 (Wilson et al. 1997 ) with test AHA01. This comparison was chosen because (i) CSP5 utilized a FSB container whereas AHA01 utilized the HPC container, (ii) both models contained layers of lightly overconsolidated San Francisco Bay mud, and (iii) the same ground motion recorded at Port Island during the 1995 Kobe earthquake was input to the base of both models.
Furthermore, a high intensity ground motion is selected because large strains were induced in the clay thereby reducing its shear stiffness, exacerbating any undesired container effects.
Acceleration response spectra (5% damping) for a ground motion recorded from an accelerometer embedded near the surface of the soft clay deposit, and on the container ring at the same elevation are shown in Fig. 7 . The ground motion in the clay layer should be identical to the motion on the container at the same elevation if 1-D site response conditions were achieved during the tests. The two response spectra for CSP5 exhibit significant differences at short periods, with the container ground motion approximately twice as large as the soil ground motion. On the other hand, the two response spectra for AHA01 are essentially identical at all periods. This indicates that the HPC container produced better 1-D boundary conditions than the FSB container, and is therefore better suited for site response modeling. 
DATA INTERPRETATION
Derivation of Shear Stresses and Strains
The time-dependence of shear stresses and shear strains was evaluated at selected depths within clay layers from the corrected data using the procedure of Zeghal and Elgamal (1994) .
Referring to Fig. 8 , shear stress at depth z and time t was computed by summing the inertia of overlying soil as:
where index i denotes discrete depth intervals above depth z, each of which has an accelerometer at the middle of the depth interval (i.e., depth z occurs at the boundary between intervals i and i+1); N(z) is the number of such depth intervals;  i is mass density for depth The average shear strain at depth z was computed assuming 1-D wave propagation conditions (i.e.,  = ∂u/∂z) as:
The numerator in Eq. 5 represents the differential horizontal displacement between the accelerometers immediately above and below depth z, and the denominator represents the vertical distance between those accelerometers.
An example set of stress histories, strain histories, and normalized stress-strain curves at two depths are shown in Fig. 9 . Shear stresses are normalized by the undrained monotonic shear strength computed using Eq. (3). The stress and strain histories are shown for the RRS228 motion with various base motion intensities (PHA b = 0.069g, 0.29g and 0.60g). The normalized stress-strain curves span approximately one loading cycle at the time interval in the strain history when the peak strain occurs. The lowest-amplitude stress and strain histories (for PHA b = 0.069g in Fig. 9 a,b) have similar waveforms, which is generally compatible with the assumption of linear (or equivalentlinear) analyses in which the strain history scaled by a constant shear modulus produces the stress history (along with some phase shift from damping). This similarity of waveforms breaks down at larger strains (e.g., PHA b = 0.60g in Fig. 9a) , where the stress/strain ratio is higher for Turning next to the stress-strain loops, secant shear modulus decreases as cyclic strain increases in a manner that is similar to traditional cyclic laboratory tests. However, the stressstrain loops are not smooth due to the broadband nature of the input motions. At a depth of 7.3m near the center of the uppermost lift of clay, the shear strain for the motion with PHA b = 0.60g exceeds 10%, while the shear stress exceeds the monotonic undrained shear strength by more than 50%. Strain rate effects explain why the mobilized shear stress exceeded the monotonic undrained strength, as demonstrated later. At a depth of 18.5m, where the clay was overconsolidated, the shear strains are lower (near 1%), and mobilized shear stresses do not reach the monotonic undrained strength.
Modulus Reduction and Damping Behavior
Published modulus reduction and damping curves are generally empirically verified to shear strains up to approximately 0.3 to 0.5%, and are often fit with hyperbolic functions that provide a good match with data in this range of strains (e.g., Darendeli, 2001) . In practice, these functional forms are often extrapolated to higher shear strains beyond the calibration range, and can provide implied shear strengths that are significantly different from the soil shear strength (e.g., Stewart and Kwok 2008) . It is of interest to compare the modulus reduction and damping behavior evaluated from the centrifuge test data against these published curves, especially in regard to large strain behavior. Referring to the schematic stress-strain loop in Fig. 10 , we apply the approach of Zeghal and Elgamal (1994) to compute secant shear modulus, G sec , and damping, D. Stress-strain loops like those shown in Fig. 9 were generated for each ground motion imposed on the models, and G sec and D were computed. The area of each loop required to obtain D was computed using trapezoidal integration. The small strain shear modulus was computed as G max = V s 2 , and normalized shear modulus G sec /G max and D were plotted versus shear strain in Fig.10a-b. Extracting G sec and D from the centrifuge data is more complicated than with strain-controlled harmonic laboratory tests because the broadband excitation in the centrifuge models caused asymmetric stress-strain loops that sometimes did not close (e.g., Fig. 10 ). Furthermore, shear strains smaller than about 0.02% could not be accurately measured in the centrifuge because the signal to noise ratio in the acceleration records is too low at small shaking levels, and because of A/D conversion resolution. Therefore, the data in Fig. 11 are plotted only for  c > 0.02%. Also shown in Fig.10a are the recommended modulus reduction relations from Vucetic and Dobry (1991) and Darendeli (2001) . Two curves are plotted for the Darendeli relation to bound Damping values computed from the centrifuge test data (Fig. 11b ) exhibit significant scatter, and tend to be higher than the published trends. This observation is similar to several studies that have utilized 1-D array data to characterize stress-strain behavior for centrifuge models and field arrays (e.g., Elgamal et al. 2001, Tsai and ). Fig. 11c shows backbone stress-strain data in which shear stress is normalized by the undrained monotonic shear strength (s u ) and a higher, strain rate-compatible shear strength, Sheahan et al. (1996) , undrained shear strength increases approximately 9%
per log cycle increase of strain rate,   . The monotonic undrained strength was measured in the laboratory at a traditional   (e.g., 0.006%/s to reach 10% strain in 30 minutes), whereas   as high as 6000%/s (model scale) was observed during the centrifuge tests. This six order of magnitude increase in   corresponds to ( ) 6 1.09 1.67. correcting as demonstrated above. This is admittedly an extrapolation of Sheahan's findings because strain rates mobilized in the centrifuge were much higher than those imposed in laboratory studies. In Fig 10c, the  c /(s u ) d values approach unity at high strain values, whereas  c /s u values significantly exceed unity. This shows that strain-rate corrections should be applied to shear strengths for site response problems. Strain rates mobilized in centrifuge models are approximately two orders of magnitude larger than those anticipated for prototype conditions, but the increase in shear strength is nevertheless significant. We recognize that rate effects may also be present for shear stiffness (i.e., V s or G max ), but in this case the geophysical measurements were made at strain rates that were not significantly different from those mobilized during shaking since we used bender element measurements and high frequency harmonic motions to measure the V s profile. Therefore we did not correct shear stiffness for rate effects. Along with the data, Fig. 11c also shows stress-strain curves implied by Darendeli's functional form. The shear strength implied by extrapolating the function to high strain is significantly smaller than the monotonic undrained strength of the clay, which is clear from the stress-strain curves (Fig. 11c) but not evident from the modulus reduction plots (Fig. 11a) . Yee et al. (2013) proposed a procedure to adjust the modulus reduction curve to provide the desired 
Model equations are omitted for brevity (they can be found in the references), but include effects of consolidation stress, OCR, and plasticity index. Within the strain range of range of applicability of the Darendeli model ( c ≤  0.3%), modulus reduction residuals (Fig. 11d) generally indicate negative bias (i.e., model too linear) whereas damping residuals indicate positive residuals (model damping too low). The dispersion of modulus reduction and damping results can be represented by standard deviations of the residuals in Figs. 10d-e, which are 0.083 and 8.33%, respectively, for  = 0.3%. These can be compared to standard deviations of 0.065 and 2.04% over a comparable strain range for the data used to develop the Darendeli model. At large strains, the most relevant results are the stress residuals (Fig. 11f) , which are significantly positive for Darendeli (model underpredicts stress) and close to zero for Yee et al.
These differences in large strain soil properties have been shown to significantly affect the results of nonlinear ground response analyses, as shown for example in comparisons to vertical array data by Yee et al. (2013) .
Spectral Amplification of Ground Motions
Having described dynamic properties of the clay during the centrifuge tests, we now turn our attention to spectral amplification. The term 'spectral amplification' refers to the ratio of the 5% damped pseudo acceleration (PSA) response spectra of the recorded ground surface and container base motions:
Response spectra for the LGPC090 motion at three intensity levels are shown in Fig. 12a , while Fig. 12b shows the period-dependent spectral amplification values, F. Several trends are evident from the spectra and amplification plots. First, amplification levels are relatively flat for T< 0.5s and are strongly variable with the level of input motion (weak motions producing amplification near 2 and strong motions producing amplification near 0.5). Second, relatively narrow-band and substantial amplification up to a factor of 3 occurs near the elastic site period (near 1.0s) for the weakest motion, whereas stronger motions both lengthen the period to as much as 3s and broaden the spectral peak. These effects are expected because of the modulus decrease and damping increase when the soil is subjected to increased shaking intensities. Third, for periods beyond the site period, amplification levels are larger than 1.0, with the relative levels of amplification being the inverse of the short period trends (amplification increasing with strength of input motion). This apparent reversal of traditionally understood nonlinear effects appears to result from the transfer of energy to increasingly long periods as the soil softens. The response spectra extend to periods of only 5s because low frequency noise in the acceleration records rendered poor signal-to-noise ratio at longer periods. reference PSA term) for the given V s30 . The centrifuge models have a strong impedance contrast at the base of the clay (the container base is essentially rigid), which is atypical of field conditions. Moreover, spectral amplification from Eq. (7) is defined as surface-to-base rather than surface-to-surface for two different site conditions. Accordingly, we do not expect a perfect match to the overall level of site amplification (represented by the linear component of site terms) but we consider the test data to be useful for checking the nonlinear terms in the GMPEs.
To investigate the nonlinearity implied by the test results, we plot in (Walling et al. 2008 ). The principal difference between b value trends in the two prior models is the significant dip between 0.1s and 1.0s in the simulation-based results (Walling et al. 2008) . Interestingly, the centrifuge data are more consistent with the relatively flat trend of the model derived from data (Choi and Stewart 2005) . 
CONCLUSIONS
We present a centrifuge modeling study of site response in soft clay spanning a broad strain range that includes nearly linear and strongly nonlinear soil behavior. The model response was characterized using dense sensor arrays and 1-D shaking conditions were achieved using an innovative hinged-plate container. The test data provides a useful resource for validating nonlinear site response from empirical models and wave propagation routines.
Modulus reduction and damping values back-calculated from the recorded acceleration data indicate modest misfit relative to empirical models within the strain range of applicability of those models ( c < 0.3%). The bias is towards the models having too-high modulus reduction at low strain and too-low damping. The damping values exhibited significant scatter as a result of the complex shapes of the hysteresis loops that result from broadband excitation.
Perhaps the most significant aspect of the observed soil behavior was a large-strain response in which mobilized shear stresses significantly exceeded the undrained monotonic shear strength by factors on the order of 1.5 to 2.0. These large stresses mobilize at shear strains beyond approximately 5%. We attribute these high stresses to strain-rate effects that temporarily increase the available shear resistance in the clay during strong shaking. Following the recommendation of Sheahan et al. (1996) that shear strength increases by 9% per log-cycle increase in strain rate, shear strength at the model scale strain rates observed in the centrifuge models would be 67% higher than observed at typical laboratory strain rates. Although strain rates in the centrifuge are unrealistically high, strength increases on the order 40% would be expected based on the prototype strain rates more representative of field conditions compared with the much lower strain rates in typical laboratory tests. The rate correction is therefore a We compare the amplification of response spectral accelerations observed from centrifuge modeling to levels predicted by nonlinear site factors in ground motion prediction equations. Of particular interest in these comparisons is the nonlinearity of site response, which is typically quantified by the rate of change of amplification with base peak acceleration (PHA b ).
When plotted in log-log space, amplification levels decrease nearly linearly with increasing 
